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 The motivation to determine a viable alternative to petroleum based energy has 
risen in recent years due to increased greenhouse gas emissions, environmental pollution, 
and the fear of exhausting oil and natural gas reserves. Biodiesel derived from the 
transesterification of vegetable oils or animal fats has emerged as a viable alternative to 
petroleum diesel. However, for this to become an option available to the average 
consumer it is vital to find an effective catalyst. Metal oxides have emerged as potential 
heterogeneous catalysts. ZnO in particular is attractive because it is abundant. The use of 
nanostructures has been shown to improve the catalytic performance of ZnO.  
 ZnO nanorods were synthesized using a solution approach. The crystalline 
structure, morphology, and surface area were confirmed using XRD, SEM, and BET 
surface area respectively. The characterized nanorods were used as catalysts for the 
production of biodiesel. The nanorods achieved conversions of 94.8% at 150ºC for 
reaction times of eight hours. They also demonstrated better catalytic performance, 
attributed to their increased degree of crystallinity, than conventional ZnO. 
 A kinetic study at 150ºC to determine the reaction rate parameters was also 
conducted. Due to the presence of three distinct phases in the reaction, initially the 
reaction rate is dominated by mass transfer limitations. However, these are eventually 
overcome and the reaction proceeds with a pseudo-first order with respect to the oil and a 
reaction rate constant of 0.5136 h
-1
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Recently there has been a widespread interest and desire to become a more 
environmentally conscious society. This has resulted in a desire to develop renewable 
energy sources as well as green chemistry industrial processes. The pressure to discover 
an alternative to petroleum based energy has incremented with the rise in greenhouse gas 




 As scientists develop new renewable energy sources, it is vital to consider the 
commercialization potential of the technology. If it is to become readily available and 
widely used, it must be a low cost solution which requires few modifications to the 
existing energy infrastructure. Biodiesel is a current renewable energy source that can 
offer both of these characteristics.  
 
 
A. Biodiesel as a Viable Alternative to Petroleum-Based Diesel 
 
 Biodiesel is a mixture of fatty acid methyl esters (FAMEs) which can be produced 
from the triglycerides found in animal fats and vegetable oils.
2
 Biodiesel has become a 
very attractive alternative or supplement to petroleum based diesel since it is renewable, 
non-toxic, and biodegradable. In addition it has a molecular structure which contains 11-




Biodiesels also have a higher flashpoint than diesel; making storage, transportation, and 
handling of these fuels simpler.  
 While it is uncommon to find pure biodiesel for combustion engines in the 
market, it is not uncommon to find blends of biodiesel and petroleum diesel. The two are 
miscible in all proportions which provides great flexibility with respect to supply and 
demand.
2
 Biodiesel has also been shown, either when pure or blended with petroleum 
diesel, to produce less CO, CO2, and polyaromatic hydrocarbons. When pure biodiesel is 
used, the emissions from combustion are almost free of sulfur oxides (SOx).
4
 




 Although his idea was not feasible until recently, Sir Rudolf Diesel (the inventor 
of the diesel engine) predicted that with time vegetable oil would be an important fuel. 
He even demonstrated this idea with peanut oil at an exhibition in Paris. 
6
 Since the 
inception of the diesel engine it has had the capability to function with oils. Currently, a 
blend of petroleum and biodiesel is approved for use in the vehicles of most automotive 
manufacturers.
7
 Therefore it has been possible to implement the use of biodiesel as a fuel 
with minor changes to the existing infrastructure.  
 
 
B. Production of Biodiesel 
 
 Attempts have been made to use pure vegetable oil for the combustion with 
unfavorable results. Due to the high viscosity and low volatility of pure vegetable oil the 
fuel lines and fuel injectors would clog and the piston heads would experience increased 
fouling. 
1
 Therefore, it is necessary to change the vegetable oil into a substance that has a 
3 
viscosity, density, and volatility similar to that of petroleum diesel. This change can be 
achieved through a transesterification reaction using either methanol or ethanol. This 
reaction is sometimes called alcoholysis.
2
 
 Transesterification is an equilibrium reaction which takes triglycerides, present in 
vegetable oil and animal fat, and methanol to produce FAMEs (fatty acid methyl esters) 
and glycerol. Both products in this reaction are valuable. Typically, it is necessary to 
have a 3:1 methanol to triglyceride stoichiometric ratio, however due to the reversibility 
of the reaction it is customary to have excess methanol in order to drive the reaction 
forward. To improve yields and reaction rate, this reaction is performed in the presence of 
a catalyst which can be acidic, basic, or enzymatic in nature. 
1,2,7
 The transesterification 
balanced reaction can be seen in FIGURE 1.  
 




 The transesterification reaction takes place in three consecutive reversible 
reactions. Each reaction reduces the number of glycerides and produces one FAME. The 
first reaction reduces the triglycerides to a diglyceride, the second reduces a diglyceride 
to a monoglyceride, and the third reduces the monoglyceride to glycerol. Each of these 
reactions is an equilibrium reaction which favors the FAMEs and glycerol. A summary of 









 During the course of the reaction an immiscible layer of glycerol forms, and since 
it is denser than biodiesel, it sinks to the bottom of the reaction vessel. This forms a 
bilayer, one rich in biodiesel and one rich in glycerol. Both layers contain unreacted 
alcohol, oil, and catalyst and are further purified and sold.
2
 As previously mentioned it is 
possible to use both ethanol and methanol as the alcohols for the transesterification 
reaction. However, it is preferred to use methanol because ethanol forms stable emulsions 
that make separation and purification of the phases difficult. 
10
 
 The feedstock of triglycerides for biodiesel production generally depends on the 
type of oil that is readily available. It is possible to use both edible oils such as rapeseed, 
mustard, canola, sunflower, cotton seed, palm, soy- bean, linseed, olive, coconut, 
hazelnut, pistachio, sesame, safallow, and jojoba oils; as well as non-edible oils such as 
pongamia pinnata, jatropha and neem. These oils can also be waste cooking or frying 
oils. Of these feedstocks, the use of refined edible oils for biodiesel production is the least 
desirable because it causes a competition between production for food and fuel while 
simultaneously raising the costs of biodiesel. Thus, research is focusing on using non-
edible oils as well as waste edible oils.
3
  
 The transesterification reaction only becomes a feasible way to produce biodiesel 
through an effective catalyst. Recent research efforts have focused both on heterogeneous 
and homogeneous catalysis with acidic or basic materials. The choice of catalyst for the 
5 
this reaction is heavily dependent on the moisture and free fatty acid (FFA) 
concentrations present in the feedstock.
11
 In general, refined edible oils have much lower 
FFAs concentrations than non-edible oils, and waste frying and cooking oils. The 
moisture content of the feedstock is of vital importance since water hydrolyzes the 
triglycerides to produce additional FFAs. This reaction can be seen in FIGURE 3.
3
 
   
FIGURE 3 – Water Hydrolysis to Produce FFA.3 
 
In general a basic catalyst is used when the FFA is up to 3 wt%, at concentrations higher 
than that the basic catalyst is ineffective. Acidic catalysts are used in cases with high 
FFA, because they can perform the esterification of the FFA as well as  the 
transesterification of the triglycerides.
12
  Although acidic catalysts are not affected by 
FFA concentrations, they exhibit much slower reaction rates and require higher 




C. Homogeneous vs. Heterogeneous Catalysis 
 
 Currently, homogeneous catalysis is the dominant catalysis method for the 
production of biodiesel. It has the advantage of having faster reaction rates and low 
temperature requirements to produce yields of 75-98%, sometimes in as little as 30 
minutes.
1
 Within homogeneous catalysis, basic catalysts such as sodium hydroxide, 
6 
sodium  methoxide, potassium hydroxide, and potassium  methoxide are more effective 
than acid catalysts such as hydrochloric or sulfuric acids. Fukuda et al. report that an 
alkali catalyzed reaction takes place approximately 4,000 times faster than one catalyzed 
by the same amount of acid.
13
 
 Of the common homogeneous base catalysts used for this reaction, sodium 
hydroxide is the more prevalent since it provides high conversion rates, ease of 
separation, and is the least expensive of these materials.
11
 However, as previously 
mentioned when there are oils with high FFA or moisture concentrations there is a 
problem with side reactions which generate FFAs and soaps. The water molecules first 
hydrolyze the triglyceride to generate FFAs as shown in FIGURE 3 then the 









 Although homogeneous catalysis offers fast reaction times, high yields, and mild 
operating conditions, especially with alkali catalysts, it has severe drawbacks. The 
product effluent, a glycerol rich phase and a biodiesel rich phase contains acidic or basic 
catalyst which must be neutralized prior to any further purification step. Following 
neutralization, it is then imperative to wash both phases with water to eliminate unreacted 
alcohols, salts, and soap by-products. These steps add to the biodiesel processing costs as 




 In order to address these drawbacks, researchers have placed a heavy focus on 
heterogeneous catalysis. 
 Heterogeneous catalysis requires that the catalyst remain in a different phase than 
that of the reactants, such as solid, gas, or immiscible. For the transesterification reaction, 
heterogeneous catalysis offers three main advantages over homogeneous catalysis: (1) the 
catalyst can be recycled, (2) the separation and purification of the biodiesel and glycerol 
products is easier due to the absence of salts and diminished soaps formation, and (3) 
significant reduction in the water required to wash the product phases. 
8
 Although 
heterogeneous catalysis offers several large advantages, it requires longer reaction times 
and harsher operating conditions to achieve the same conversions that homogeneous 
catalysis can achieve swiftly.
15
 As with homogeneous catalysis, it is possible to have 
heterogeneous catalysts that are acidic or basic in nature. Among common 
heterogenenous catalysts are metal oxides, mixed metal oxides, zeolites, and 
hydrotalcites. A summary of the advantages and disadvantages of homogeneous and 



















D. Metal Oxides as Heterogeneous Base Catalysts  
 
 Divalent metal oxides with covalent characters have been shown to be effective 
catalysts for the transesterification reaction. Metal oxides are composed of positive metal 
ions which act as Lewis acids and negative oxygen ions which act as Lewis bases.
9
 In a 
mechanisms proposed by Chouhan et al. the metal oxide forms a bond with the alcohol, 
creating a nucleophilic oxygen on the alcohol.
8
 This oxygen, then attacks the carbonyl 
carbon on the triglyceride which prompts the usual transesterification reaction 
mechanism. This process is illustrated in FIGURE 5. 
8
 
 Among the most studied metal oxides is CaO. It offers high activity, moderate 
reaction conditions, and long catalyst life. In addition there are abundant sources of 
calcium available from egg shell and mollusk shell wastes. 
16
 Although it holds great 
catalytic promise, CaO does not offer a complete solution because it can experience 
strong adsorption of FFAs on the active basic sites and subsequent calcium soap 
9 
generation. It also requires thermal activation because it adsorbs CO2 and water which 
poison the basic active sites, once activated it is important to work under vacuum or a 
nitrogen atmosphere. In addition, leaching of the Ca species reduces the reusability of the 









 Another metal oxide that has been capable of catalyzing the transesterification 
reaction is MgO. Although a popular choice, it is more commonly used in combination 
with other metals since it has the lowest basic strength of group II oxides. This increases 
the basic strength of the catalyst making it more effective.
16
 
 It is also possible to use transition metal oxides to catalyze the transesterification 
reaction, and significant research has been done on ZnO. ZnO is an attractive material for 
10 
many applications because it is abundant and non-toxic.
17
 Chemically it has interesting 
characteristics for the alcoholysis of triglycerides since it has both acidic and basic sites 
(Zn
2+
 acts as a  Lewis acid, while O
2-
 acts as a Lewis base). Although both of these sites 
are weak, Bancquart et al. have shown that ZnO has an acidity/basicity ratio of 23.2.
18
 
 The presence of both acidic and basic sites makes ZnO a seemingly ideal catalyst 
for transesterification. However, this has not been shown to be the case. When compared 
to other metal oxides, such as CaO, MgO or La2O3, it demonstrated little activity as a 
result from its low intrinsic basicity. 
18
 However, a solution to improve the catalytic 
performance of ZnO in biodiesel production may lie with the use of nanostructures.  
 
 
E. ZnO Nanostructures as Effective Catalysts for Biodiesel Production 
 
 In recent years, it has been possible to synthesize many different morphologies of 
nanostructures for ZnO. These have ranged from nanoparticles, nanowires, and nanobelts 
to nanorings, nanotubes, and nanotowers. Each structure demonstrates unique catalytic, 
electric, and optical properties. As these morphologies develop they expose different 
active planes and species.
19
 
 Operating on this principle Liu et al. have demonstrated that the use of 
nanotowers with growth in the (1 0 ¯1 0) and (0 0 0 2) planes exposes the active O
2-
 
catalytic sites. This exposure led to an increase in the biodiesel yield from 46.3% for 
particle like ZnO to 74.5% for the nanotower ZnO.
19
 This marked improvement in 
conversion allows the question, is there other nanostructures that could yield higher 
conversions for ZnO?  
 
11 
F. ZnO Nanostructure Synthesis and their Catalytic Potential 
 
 ZnO nanowires and nanorods have been the subject of a widespread research 
push. They are commonly synthesized with gas-phase approaches such as chemical vapor 
deposition, pulsed laser deposition, or chemical vapor transport. With these approaches it 
is possible to attain single crystalline wires of several microns in length. Unfortunately, 
the scale-up potential for these methods is poor since they require expensive equipment, 
high temperatures ranging between 450-900ºC, and have low product yields. 
17
  
 Due to these limitations, several solution approaches to ZnO nanostructure 
synthesis have been proposed. These solution approaches generally use a zinc salt as a 
zinc source coupled with an amine in an aqueous solution at temperatures ranging from 
50-200ºC. The most common salts are zinc chloride (ZnCl2), zinc nitrate hexahydrate 
(Zn(NO3)2·6H2O), zinc acetate (Zn(O2CCH3)2), or zinc acetate dihydrate 
(Zn(O2CCH3)2·2H2O) while frequently used amines include hexamethylenetetramine 
(HMTA), ethylenediamine (EDA), and trioctlyamine.
17,20
 
 The process of forming ZnO nanostructures in solution is highly sensitive to 
changes in pH, temperature, synthesis time, and salt counterions. To form the 
nanostructures the first step is to dissolve the zinc salt in water, giving rise to Zn
2+
 cations 
which form hydroxyl species. Depending on the pH of the solution and concentration of 
Zn
2+
 the predominant hydroxyl group can be ZnOH
+





(aq). The addition of heat dehydrates these hydroxyl species 
and allows them to condensate, forming ZnO nuclei which serve as nucleation and 




It is possible to form nanowires or nanorods in a wide range of pH (5 < pH < 12), 
however, it is simpler to form these structures at pH >9 because they can form without 
the presence of additives. Basic condition accelerate the synthesis because divalent metal 
ions dissociate with more ease under these conditions.
17
 It has been proposed that amines 
such as HMTA are vital in the formation of ZnO nanowires and nanorods because they 
serve as a weak base by producing OH
-
 as they hydrolyze in the aqueous environment. 
The sequence of equilibrium reactions that takes place in the formation of ZnO from zinc 
salts can be seen in FIGURE 6.
21
  
          




The direction of the crystal growth is dependent on the adsorption of the hydroxyl 
species on an energetically favorable plane.
19
 To understand this it is necessary to 
consider the crystal structure of ZnO. The typical crystal structure for ZnO is wurtzite 





coordinated tetrahedrally along the c-axis. An illustration of the unit cell can be seen in 
FIGURE 7.
21
 The charge of the unit cell is neutral, however, as the crystal planes develop 
they can terminate with cations or anions a phenomena which yields polar surfaces.
21
 
Normally the [0 0 0 1] direction is the most favorable for ZnO crystal growth, but the 
13 
presence of other species such as the salt counterions, HMTA, ethylenediamine, or citric 
acid can cause the formation of additional energetically favorable planes thus changing 








 Closer inspection of the ZnO wurtzite unit cell reveals that with a diameter of 
0.26 nm the O
2-
 molecule is much larger than the 0.15 nm diameter of Zn
2+
. Because of 
this size difference, the O
2-
 molecules are hcp while the Zn
2+
 hcp molecules occupy the 
interstitial tetrahedral. This results in increased exposure of the O
2-
 molecules, which are 
the active sites of the transesterification reaction, along the (0 0 0 2) basal plane.
19
 As 
nanostructures develop it is possible to develop other planes that may have increased O
2-
 




G. Theory of Reaction Kinetics Modeling for ZnO Catalyzed Biodiesel Synthesis 
 
 Although there have been many studies of the reaction kinetics for homogeneous 
catalysis of the transesterification reaction, the same attention has not been paid to 
heterogeneous catalysis. The models that have been developed are complex and 
14 
mathematically intense and have focused mainly on MgO and CaO.
22
 The 
heterogeneously catalyzed biodiesel synthesis is highly complex because it requires the 
interaction of three phases: (1) the solid catalyst, (2) the oil, and (3) the methanol.
23
 The 




  In order to perform the kinetic analysis, simplifying assumptions, similar to those 
proposed by Veljković et al. were made. These assumptions are as follows: (1) the 
reaction takes place between the methoxide ions and triglycerides adsorbed on the 
catalyst surface, (2) the adsorption of the methanol on the catalyst active sites does not 
limit the reaction rate, (3) the mass transfer and adsorption rate of the triglycerides on the 
catalytic surface are initially rate limiting, (4) the desorption rate of the FAME and 
glycerol products does not impact the overall rate of reaction, and (5) the reaction 
mixture is perfectly mixed.
23
  
 To simplify the notation, the balanced transesterification reaction is rewritten as 




         
        
⇔                (1) 
 
Where TG is triglycerides, MeOH is methanol, FAME is fatty acid methyl esters, and G 
is glycerol. The differential form of the batch reactor design equation, adjusted for 
heterogeneous reactions, is seen in Equation 2.
24
  
    
  
            (2) 
15 
Where V is the reaction solution volume, NTG is the number of moles of triglycerides, t is 
time, and rTG is the rate of reaction with respect to triglycerides.  
Using Equation 1 it is possible to generate a rate law for the reaction. Since there 
is excess methanol present in the reaction, it is assumed that reaction takes place 
irreversibly in the forward direction.
22
 The rate law generated can be seen in Equation 3.  
 
         
      
 
     (3) 
 
Where k is the reaction rate constant, CTG is the concentration of triglycerides, CMeOH is 
the concentration of methanol, α is the reaction order with respect to triglycerides, and β 
is the reaction order with respect to methanol.  
Equation 3 can be simplified by assuming the methanol is in such high excess 
quantities that the concentration of methanol at any point is equivalent to the initial 
concentration of methanol, or CMeOH = CMeOH,0. By grouping the reaction rate constant 
and the concentration of methanol it is possible to create a pseudo-reaction rate constant, 
K’, seen in Equation 4.24  
 
           
 
     (4) 
 
Substituting Equation 4 into Equation 3, gives the simplified rate law seen in Equation 5.  
 
          
      (5) 
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By using stoichiometric relations, it is possible to obtain Equation 6, where XTG is the 
conversion with respect to oil. CTG,0 is calculated by taking the initial moles of oil and 
divided by the total volume of the reaction solution.  
 
                    (6) 
 
Combining Equation 5 with Equation 2, results in Equation 7.  
 
 
    
  
      
      (7) 
 
By taking the natural logarithm of Equation 7 it is possible to linearize it. The linearized 
form can be seen in Equation 8.  
 
  ( 
    
  
)                     (8) 
 
 Knowledge of time and conversion data allows tracking of the oil concentration as 
a function of reaction time. Determination of the rate law parameters can then be 
accomplished by using Equation 8 with a plot of         vs.   ( 
    
  
) in the 
polynomial method. It is also possible to apply the integral method of rate law parameter 











 ZnO is an abundant, non-toxic material. It has both Lewis acid and Lewis base 
active sites which are attractive for catalysis applications. However, researchers have 
demonstrated that it has moderate activity and catalytic performance when it comes to the 
transesterification of triglycerides to produce biodiesel. The use of ZnO nanostructures 
has been shown to increase the catalytic performance of ZnO by providing added 
exposure of the O
2-
 active sites. By controlling the counterion species in ZnO 
nanostructure synthesis it is possible to control their morphology, and therefore the 
possibility to maximize the exposure of the active species and improve their catalytic 





1. Develop a facile, and high yield solution-synthesis approach for ZnO nanorods.  
2. Propose ZnO nanorods as an effective catalyst for biodiesel synthesis.  
3. Establish basic structure dependent catalytic relationships for ZnO nanorods in 
biodiesel synthesis.  
4. Determine reaction kinetics and rate law parameters for the ZnO nanorod 











A. Synthesis of ZnO Nanorods 
 
 The synthesis of ZnO nanorods was performed as reported by Greene et al. 
25
 In a 
typical synthesis, an aqueous solution of Zn(NO3)2·6H2O and HMTA at a concentration 
of 0.025 M for both components was refluxed in a round bottom flask over a hot plate 
with magnetic stirring. Stirring was maintained at 300 rpm, while the temperature was 
held between 80-90°C. Reaction times were taken to begin when the reactant solutions 
were mixed, and lasted between 0.5-16 hours. As the reaction took place, ZnO crystals 
would precipitate from the solution. Once the reaction time was complete, the precipitate 
was collected using vacuum filtration and washed with DI water. The collected powder 
was then dried overnight.  
 
 
B. Characterization of ZnO Nanorods 
 
 The ZnO nanorods were characterized using powder x-ray diffraction (XRD), 
field emission scanning electron miscroscopy (SEM). XRD was used to confirm the 
wurtzite crystalline structure of the ZnO, as well as determining the purity of the sample. 
The XRD equipment used is a Bruker D8-Discover diffractometer, seen in FIGURE 8, 




FIGURE 8 – XRD Equipment,Bruker AXS – Diffractometer D8 (Serial No.: 203407 
Karlsruhe, Germany D76181) 
 
The morphology and size of the nanorods was determined using the SEM. SEM 
images were collected on a Nova NanoSEM 600 FEI, which can be seen in FIGURE 9, 
with an acceleration voltage of 10-15 kV. Prior to SEM imaging, the samples were 
sputter coated with gold to prevent charging using an SPI Sputter Coater Machine, seen 
in FIGURE 10. The gold sputtering lasted 30 seconds.  
20 
 
FIGURE 9 – FESEM Equipment, Nova NanoSEM 600 FEI 
 
 
FIGURE 10- Gold Sputtering Machine – SPI Supplies Sputter Coater 
(Model No. 11430, Serial No. 42345) 
 
The BET and Langmuir surface areas of the nanorods were determined using the 
Micromeritics Tristar 3000 porosimeter seen in FIGURE 11.  The conditions on the 
21 
porosimeter were a temperature of 77 K using liquid nitrogen as a coolant.  The samples 
were degassed at 160 °C for four hours directly before being placed in the porosimeter. 
 
FIGURE 11-:Micromeritics Tristar 3000 Porosimeter 
 
 
C. Biodiesel Synthesis and Characterization 
 
 The transesterification reactions were carried out in a 250 mL stainless steel high 
pressure Parr reactor seen in FIGURE 12. Each reaction was performed with a 50:1 molar 
ratio of methanol to oil and a catalyst concentration of 1-8 wt% of oil. The feedstock for 
the transesterification reaction was extra virgin cold pressed olive oil. The methanol was 
purchased from Acros Organics (99% purity) and was used without further processing. 
The catalysts were the as synthesized ZnO nanorods.  
22 
 
FIGURE 12 – Stainless Steel Parr Instruments Reactor- Model 4576A 
 
In a typical reaction 0.05 g of ZnO nanorods, 5 mL of olive oil, and 30 mL of 
methanol were placed in the stainless steel reactor. The reactor was then pressurized to 4 
bar with argon gas to create an inert atmosphere. The resulting mixture was then 
continuously stirred and heated to 120, 150, or 180°C. The reaction time ranged between 
0.5 – 8 hours and was begun as soon as the thermocouple registered the desired reaction 
temperature. Once the reaction time was complete, the reactor was cooled using an ice 
bath. 
  The reactor effluent was centrifuged for three minutes at 4,000 rpm in an 
Eppendorf centrifuge seen in FIGURE 13. The supernatant was collected and placed in 
an oven to remove the excess methanol. The spent ZnO nanorod catalyst was washed 
23 
with acetone twice and dried in the oven overnight. The spent catalyst was characterized 
using the same methods and equipment used to characterize the fresh ZnO nanorods.  
  
FIGURE 13 – Eppendorf Centrifuge  
 Model No.5702 Serial No. 5702YN320989 
 
The biodiesel conversion was quantified using proton nuclear magnetic resonance 
(
1
H NMR). After the excess methanol evaporates two phases remain: the top phase is rich 
in biodiesel while the denser bottom layer is rich in glycerol. Samples from the top layer 
were taken, placed in deuterated chloroform (Cambridge Isotope Laboratories, Inc. 











H NMR provides a spectrum of chemical shifts belonging to the protons 
present in the sample. To quantify the reaction progress there are two peaks of interest, 
the peak belonging to the methylene group adjacent to the carbonyl group in triglycerides 
(seen at 2.3ppm) and the methoxy group in FAMEs (seen at 3.7 ppm).
2
 The location of 
these two groups in the molecules of interest can be seen in FIGURE 15.  
 
FIGURE 15 – Protons of Interest in 1H NMR Analysis of Biodiesel Samples 
25 
The three protons on the methoxy group in the FAME molecule are present only 
in FAME products so their signal serves to quantify the conversion. Meanwhile, the two 
protons for the methylene group of the triglycerides are present both in the reactants and 
the products so they serve as the baseline for comparison of the new products. By 
determining the area of the peaks generated by these protons it is possible to quantify 
analytically the conversion achieved. A mathematical expression to calculate the 
conversion can be seen in Equation 1.  
 
  
               
                
















A. ZnO Nanorod Solution Synthesis and Characterization 
 
 The ZnO nanostructure synthesis method developed by Greene et al. was 
followed closely with a few variations to determine the parameters which provided the 
highest product yield. 
25
 These variations included decreasing the synthesis temperature, 
changing the synthesis time, the use of hydrothermal treatment in a Teflon lined 
autoclave, and substituting ethylenediamine and urea instead of HMTA. All of these 
reaction conditions produced ZnO with a wurtzite crystal structure as confirmed by XRD. 
However, only the change in temperature and synthesis time yielded nanostructures with 
a consistent and desirable morphology, nanorods. SEM images of the other synthesis 
conditions can be seen in the Appendix.  
 The synthesis time was varied from 0.5-16.5 hours. The XRD patterns 
corresponding to each synthesis time are in agreement with the relative peak positions 
and intensity of the wurtzite crystal structure (JCPDS pattern 01-075-0576).
17
 These 
diffraction patterns can be seen in FIGURE 16. The intensity of the primary peaks in the 
XRD spectrum increased with longer synthesis times. This indicates that longer synthesis 
times result in an added degree of crystallinity of the material.  
27 
 
FIGURE16 – XRD Pattern for Synthesized ZnO Nanorods at Different Synthesis Times 
  
The morphology of the synthesized material can be seen in the SEM images 
found in FIGURE 17 Comparison of these images reveals that there is no apparent trend 
in terms of length as a function of time. However, it can be noted that the diameter of the 
nanorods becomes very large at long synthesis times. This data can be seen in Table II. In 
general, it appears that increasing synthesis time provides an increase in variation of the 
aspect ratios.  
 
TABLE II  
ZNO NANOROD LENGTH, WIDTH, AND ASPECT RATIO  
Time (h) Average Length (µm) Average Width (µm) Average Aspect Ratio 
0.5 2.99 ± 1.01 0.67 ± 0.19 4.62 ± 1.65 
3 4.76 ± 2.95 0.77 ± 0.45 6.35 ± 1.90 
6 1.48 ± 0.35 0.41 ± 0.07 3.61 ± 2.21 
8 2.27 ± 0.40 0.51 ± 0.12 4.53 ± 0.72 





























































FIGURE 17 - SEM Images of ZnO Nanorods: A) 0.5h (magnification 14,017x) B) 3h 
(magnification 19,058x), C) 6h (magnification 22,937x), D) 8h (magnification 14,960x), 





 From the data it is also possible to determine that ZnO nanorod yield is a function 
of time. As seen in FIGURE 18, nanorod yield is asymptotic in nature. After three hours 
of synthesis time, there is no noticeable increase in the nanorod yield.  
 
FIGURE 18 – ZnO Nanorod Yield with Respect to Synthesis Time 
 
 This phenomenon stems from the growth mechanism of the ZnO nanorods. In the 
formation of the nanorods, the Zn(NO3)2·6H2O must be hydrolyzed, and then condensed. 
As it condenses ZnO nuclei are formed which must surpass the minimum nuclei size if 
the crystal is to grow. Once the minimum nuclei size has been surpassed, the crystal 
grows in the [0 0 0 1] direction.
17
 However, there is also radial growth and with 
increasing synthesis times the nanorods exhibit larger diameters as the material begins to 
synterize. 
25
   
Comparison of this growth mechanism with FIGURE 18 indicates that from 0.5-3 
hours of synthesis time, there is still formation of ZnO nuclei and therefore nanorod 
formation. After three hours no new nuclei are formed and the rods fuse together, leaving 
the yield stagnant.
25


















Synthesis Time (hrs) 
30 
increased the length of the rods by introducing a fresh solution of reactants, there were no 
attempts to do so in this work.
17
  
Based on the results, the nanorods produced after three hours of synthesis time 
were of high quality and high percent yield, and were used in the biodiesel catalysis 





B. ZnO Nanorods as Catalysts for Biodiesel Production 
 
 The ZnO nanorods were used in a 1wt% of oil concentration to catalyze the 
transesterification reaction from olive oil to biodiesel. The reactions were run at 150ºC 
and different reaction times. The results are plotted in FIGURE 19, were a sigmoidal 
curve is apparent. The highest conversion, 94.8%, was obtained at eight hours of reaction 
time. This demonstrates that ZnO nanorods can serve as an effective catalyst for biodiesel 
synthesis.  
 


























 Initially the reaction takes place slowly with low conversions. This is caused by 
the strong mass transfer limitations that are inherent in the system. The system is made up 
of three phases: liquid methanol phase, liquid oil phase, and the solid catalyst phase.
26
 So, 
initially it is imperative that all phases mix well by using continuous stirring during what 
can be considered an adaptation phase. During this adaptation phase an emulsion of the 
phases is generated and the reaction rate increases.
11
 Once the reaction time reached 2.5 
hours the reaction rate and conversion incremented quickly. The shape of the curve may 
also be a product of the increased solubility of the methanol phase in the oil and FAME 
mixture as FAMEs are produced, which reduces the mass transfer limitations.
23
 
 Bancquart et al. demonstrated that ZnO has an intrinsic basicity of 22 μmol/g and 
an intrinsic acidity of 455 μmol/g, provided by O2- and Zn2+ molecules respectively. 18 It 





. ZnO catalyzes the reaction by forming weak bonds with the methanol. The 
O
2-
 forms bonds with the H
+
 in the methanol while the metal forms a weak bond with the 
resulting methoxy group. The methoxy group then attacks the carbonyl group in the 
triglyceride molecule and begins the transesterification process.
26
  
 The effect of temperature on catalyst performance was also studied, by running 
reactions at different temperatures for three hours for ease of comparison. The results can 
be seen in FIGURE 20. It is apparent that higher temperatures yield higher biodiesel 
conversions, which is in accordance to literature reports for biodiesel synthesis. 
27
 A 
maximum conversion of 87.0% at three hours was obtained with a temperature of 180ºC. 
However, in the interest of energy conservation, it is desired to use reaction conditions 
32 
that are milder in nature. Therefore since the ZnO nanorods demonstrated adequate 
catalytic activity at 150°C, all subsequent studies were performed at this temperature.  
 
FIGURE 20 – ZnO Nanorod Catalytic Performance at Different Temperatures  
 
 In order to provide a comparison of the ZnO nanorod catalytic activity, ZnO with 
no apparent morphology was synthesized by calcining ZnCO3 basic (Sigma Aldrich, 58% 
Zn) at 450ºC for four hours. The material was characterized in the same way the ZnO 
nanorods were, XRD patterns and SEM images can be seen in the Appendix. It displayed 
a wurtzite crystal structure, and a BET surface area of 15.9446 m
2
/g. The catalytic 
performance of the ZnO was then tested by running a reaction at 150ºC for eight hours 


























FIGURE 21- Catalytic Performance Comparison of ZnO: Nanorods and Conventional  
 
 The catalytic performance of the ZnO nanorods was slightly better than that of the 
conventional ZnO. The improvement in catalytic activity can be attributed in part to the 
increased degree of crystallinity of the wurtzite crystal structure primary planes (101), 
(100), and (002) in the ZnO nanorods. Comparison of the primary peaks in the XRD 
patterns for both materials, confirms the increased degree of crystallinity of the ZnO 
nanorods. Ratios of the intensity of the peaks (nanorods/conventional) can be seen in 
Table III. The improved crystallinity in the (002) basal plane provides increased exposure 
of the lattice oxygens (O
2-





TABLE III  








(100) 1.11 1.44 2.04 
(002) 1.20 1.63 2.45 





















ZnO Nanorods Conventional ZnO 
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 The reusability of the catalyst was also investigated. The spent catalyst from the 
eight hour reaction time at 150ºC was characterized and calcined at 450ºC for five hours 
prior to undergoing another reaction at the same operating conditions. The results can be 
seen in FIGURE 22. The conversion of the recycled catalyst was 77.4% compared to that 
of the fresh catalyst, 94.1%. This indicates a deactivation of 18.4%.  
This deactivation was a result of a marked loss in degree of crystallinity of the 
catalyst. The ratios of the peak intensity of the fresh, spent (one reaction cycle), and 
recycled (two reaction cycles) catalysts can be seen in Table III. The relative ratios of the 
fresh, spent, and recycled catalyst increased. This increase, indicates decreased degree of 
crystallinity of the spent and recycled material compared to the fresh material. Because 
part of the increased activity of the ZnO nanorods is derived from the added exposure the 
O
2-
 molecules have in the (0 0 2) plane, such a large loss in degree crystallinity has a 
profound impact on the catalytic performance of the material. In addition, the loss of 
catalytic activity in the recycled catalyst may be also related to the presence of 
unremoved carbonaceous species formed during the transesterification reaction. 
 






















Fresh ZnO Nanorods Recycled ZnO Nanorods 
35 
C. Reaction Kinetics of the ZnO Nanorod Catalyzed Biodiesel Reaction 
 
 The reaction kinetics of the ZnO nanorod catalyzed reaction were determined by 
using the integral method and polynomial methods. To apply these methods, the data 
points from 0-2 hours of reaction time were ignored. As previously discussed, this is the 
adaptation period for the reaction in which triglyceride mass transfer limitations control 
the kinetics of the reaction.
23
 Thus their inclusion would not be representative of the 
surface reaction kinetics.  
 From the integral method, it was determined that the reaction was of first order 
with respect to oil. The plot of time vs ln(CTG) and corresponding linear fit can be seen in 
FIGURE 23. The plots that correspond to zero and second order reaction kinetics can be 
seen in the Appendix. The linearization obtained from FIGURE 23 can be seen in 
Equation  9.  
 
             (     )   
                     (9) 
 
Using Equation 9, a pseudo reaction constant of 0.5136 h
-1
 was calculated.  Equation 9 
also predicts an initial CTG of 0.001375 
      
           
. This value is a slight over estimate of 
this concentration since the reactor was fed 0.000412 
      




FIGURE 23 – First Order Reaction Kinetics as Modeled with the Integral Method  
 
 The kinetics of the reaction were also modeled using the polynomial method. The 
plot of CTG vs time can be seen in the Appendix. The trend line obtained from this plot 
can be seen in Equation 10.  
 
             
                   (10)  
R
2
 = 0.9997 
 
Equation 10 was then used in conjunction with Equation 8 to generate the plot depicted in 
FIGURE 24. The linearization obtained from FIGURE 24 can be seen in Equation 11.  
 
  ( 
    
  
)                          (11) 
          
 
ln(CTG) = -0.5136t - 6.5896 
















FIGURE 24- Linearization of Reaction Kinetics as Modeled by Polynomial Method 
 
The obtained linearization translates to a reaction order of 1.0845 with respect to 
the triglycerides. This value corresponds to that reported by Ilgen et al. for the 
transesterification of canola oil using a KOH/MgO catalyst system. 
22
 A pseudo reaction 





      
)
     
 was also obtained. Comparison with the reaction 
rate constant reported by Ilgen et al. revealed that the reaction constant for nanorod 
system is larger, yet they are of the same order of magnitude. The discrepancy  is caused 
by the use of different catalyst, reaction temperatures, and oil feedstocks.  
The kinetic model obtained by the polynomial method demonstrates good 
agreement with that obtained by the integral method. The pseudo reaction rate constants 
are within 8% of each other. The order of reaction with respect to triglycerides also 
demonstrated good agreement since the polynomial method can be described as pseudo 
first order kinetics.  
ln(-dCTG/dt) = 1.0845ln(CTG) - 0.7513 























This behavior is not uncommon, Kouzo et. al reported that a CaO catalyzed 
biodiesel reaction using soybean oil fluctuated from zero order to first order as the 
reaction progressed and FAMEs were formed. 
28
 There have also been many reports 
using metal oxides such as CaO and MgO that catalyzed biodiesel is first order with 














ZnO nanorods were successfully synthesized using the solution method approach 
developed by Greene et al. Comprehensive materials characterization was performed by 
using XRD, FESEM, and a porosimeter to determine the BET surface area. From the 
study to determine the effect of synthesis time on the nanorod morphology it is 
demonstrated that with increasing synthesis times, the crystallinity of the material 
increases. The average length of the nanorods remained the same regardless of the 
synthesis time, however, the aspect ratio demonstrated increased variation with 
increasing synthesis times.  
The percent yield of nanorods was deeply affected by the synthesis time, 
demonstrating asymptotic behavior with respect to time. This phenomenon was caused by 
the rate of hydrolysis and condensation of the Zn(NO3)2·6H2O salt. ZnO nuclei are being 
formed until the synthesis time reaches three hours, at which point the formation of new 
nuclei is diminished and the nanorods begin to fuse together.  
The catalytic performance of the ZnO nanorods in the production of biodiesel was 
good. The study to determine the effect of reaction time on the conversion demonstrated 
that mass transfer limitations between the two liquid phases and solid catalysts were 
dominant and diminished the conversion achieved at low synthesis times. However it was 
possible to achieve a conversion of 94.8% after eight hours of reaction time at 150ºC. A 
40 
temperature study was also conducted for a reaction time of three hours which revealed 
that with increasing temperature it is possible to achieve higher conversions.  
The reusability of the ZnO nanorods was also studied. After two reaction cycles 
there was a marked loss in crystallinity which resulted in lower conversions. Comparison 
studies with conventional ZnO at the same reaction conditions demonstrated that the ZnO 
nanorods had better catalytic performance at 150ºC for eight hours of synthesis time. The 
improved catalytic performance is contributed to improved crystallinity of the (0 0 2) 
basal plane, thus exposing O
2-
 active sites.   
From the kinetic study it was determined that the pseudo reaction rate constant 
was 0.5136 h
-1
 with a pseudo-first order rate of reaction with respect to triglycerides. Due 
to this the rate of reaction shows some dependence on the concentration of triglycerides 











A. ZnO Nanorod Synthesis and Catalytic Potential for Biodiesel Production 
 
 The synthesis of ZnO nanorods took place under mild conditions and had 
relatively high nanorod yields. However, their aspect ratio was low. The addition of fresh 
precursor solution at three hours of synthesis time could increase their length. This could 
provide added crystalline order or surface area, thus enhancing the catalytic properties of 
the material. It might also be of interest to explore other nanostructures such as nanotubes 
since the hollow structure would provide added surface area. Additional surface area may 
help increase the catalytic activity of the material and reduce the reaction time required to 
achieve high biodiesel yields.   
 
 
B. ZnO Nanorod Characterization 
 
 Additional characterization techniques can be used to further investigate the 
crystalline structure of the ZnO nanorods. The use of transmission electron miscroscopy 
(TEM) would be helpful in obtaining detailed crystallographic information. This 
information would be valuable in confirming the added exposure of the O
2-
 active sites of 







C. ZnO Nanorods Catalyzed Biodiesel Synthesis Kinetics 
 
The effect of a solvent such as tetrahydrofuran or dimethylsulfoxide should be 
studied. These solvents have been known to increase the solubility of the oil and 
methanol, which has the potential to reduce mass transfer limitations. This would help 
improve reaction times. 
The catalytic activity of the nanorods should also be studied using a more 
common oil feedstock. Olive oil was used because of the ready availability it has. 
However, for a more scalable operation oil feedstocks such as waste frying oils should be 
used.  
Additional studies should be conducted to develop a more detailed kinetic model 
based on Eley-Rideal or Langmuir-Hinshelwood mechanisms. Inclusion of the mass 
transfer limitations caused by the adsorption of the triglyceride on the catalyst surface in 
the kinetic study would aid in obtaining a complete understanding of the potential of ZnO 
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A. Alternative ZnO Nanorod Synthesis Methods 
 
 
FIGURE 25 – ZnO Nanoplates Obtained using EDTA Instead of HMTA, Three 




FIGURE 26 – ZnO Nanorod and Flakes, Urea as Amine Producer, 64 hrs Synthesis 
 




B. Materials Characterization for Conventional ZnO 
 
 
FIGURE 28 – XRD Pattern for Conventional ZnO 
 


























C. Kinetics of Reaction  
 
 
FIGURE 30 – NMR Spectrum for Biodiesel: Methoxy Group (solid box), Methylene 




FIGURE 31 – Zero Order Reaction Kinetics for Integral Method 
 
 
FIGURE 32 – Second Order Integral Method Reaction Kinetics Plot 
 
y = -5E-05x + 0.0004 




















y = 8596.2x - 24004 





















FIGURE 33 – Polynomial Method Fit 
  
y = 6E-06x2 - 0.0001x + 0.0006 
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